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OVER A CENTURY AGO, Hunt (19) first demonstrated that stimulation of the left cardiac nerve increased blood pressure but had little effect on heart rate (HR). Previous studies have shown that stimulation of the left stellate ganglion (LSG) causes a significant inotropic response, whereas stimulation of the right stellate ganglion (RSG) has a predominantly chronotropic effect (13, 34, 36) . Electrophysiological studies (33, 44, 51) have shown predominant innervation of the anterior aspect of the right ventricle (RV) and left ventricle (LV) by the RSG, whereas the posterior aspect of the RV and LV is predominantly innervated by the LSG.
Randall et al. (35, 36) examined the patterns of sympathetic nerve projections onto the heart by measuring regional contractile force using a strain gauge during stimulation of the cardiac nerves. They found that although specific regions of the epicardial surfaces receive their major sympathetic supply from a given nerve trunk, all regions examined appeared to be innervated by multiple trunks, originating from both right and left distributing systems. Their data suggest that the overlap of sympathetic projections to the epicardial surface of the heart is necessary for the regulation of cardiac function.
In this study, we aimed to use speckle tracking echocardiography (STE) along with invasive hemodynamic measurements to assess the effects of sympathetic stimulation on the heart. STE is a noninvasive imaging tool that can quantify both global and regional myocardial function by measuring, for example, radial and circumferential strains and the torsional motion of the LV, which closely correlates with global ventricular function (6, 7, 14, 16) . Radial strain quantifies transmural thickening of the myocardium, whereas circumferential strain measures shortening along the circumference (2, 27, 37) . LV rotation is defined as the average angular displacement of all regions of the myocardium relative to the center of the LV cavity in the short axis (42) . When viewed from the apex to base, a counterclockwise rotation corresponds to a positive rotation. LV twist is defined as the difference between apical and basal LV rotation and is a fundamental motion component during LV ejection. LV untwisting is a critical component of early diastolic function (7, 8) . Therefore, quantification of LV strain and twist mechanics provides insight into global and regional systolic and diastolic function (24, 30, 41, 42) with a proven correlation to pressure-volume loop parameters (52) .
The objective of this study was to compare the effects of LSG and RSG stimulation on LV twist mechanics and regional myocardial strain, which has not been previously reported. We hypothesized that LSG and RSG stimulation results in an enhancement of LV twist and nonuniform changes in LV regional systolic function due to differences in their respective areas of innervation.
METHODS
Surgical preparation. This protocol was designed in compliance with institutional, state, and National Institutes of Health guidelines for the care and use of laboratory animals. Female Yorkshire pigs (n ϭ 9) weighing 40 -45 kg were anesthetized intramuscularly with ketamine (15-25 mg/kg) and xylazine (2 mg/kg) and mechanically ventilated. Anesthesia was maintained by isoflurane (1-2%) and intermittent intravenous boluses of fentanyl (5-10 g/kg). The ECG was monitored from limb leads. Femoral artery and jugular venous access were used for blood pressure measurements and drug infusion. Animals underwent median sternotomy to expose the heart. The LSG and RSG were dissected free and encircled with custom-made semicircular tin-copper electrodes.
Hemodynamic assessment. A 5-Fr pigtail 12-pole multielectrode combination conductance-pressure catheter (Millar Instruments, Houston, TX) was placed in the LV via the right carotid artery and connected to a conductance processor (MPVS Ultra, Houston, TX) for continuous measurements of LV pressure and volume (3). Proper electrode position was confirmed by an examination of the segmental volume signals. Total LV volume was calibrated using high-frequency harmonic two-dimensional echocardiographic images (biplane Simpson's method). Hemodynamic indexes were obtained from steadystate pressure-volumen loops. LV performance was assessed by HR, stroke volume (SV), LV end-systolic volume (LVESV), LV enddiastolic volume (LVEDV), cardiac output (CO), and stroke work (SW). Systolic LV function was assessed by ejection fraction (EF), LV end-systolic pressure (LVESP), and the maximum rate of LV pressure change (dP/dtmax). Diastolic LV function was assessed by LV end-diastolic pressure (LVEDP), the isovolumetric relaxation time constant (), and the minimal rate of LV pressure change (dP/dt min) (48, 54) .
STE recording and analysis. Open-chest epicardial echocardiography was performed using a GE Vivid 7 Dimension system (GE Vingmed Ultrasound, Horten, Norway) with a 10-MHz transducer. Image quality was improved by using a section of pig liver as a tissue offset. Echocardiographic and hemodynamic data were acquired simultaneously. Transducer frequencies (6 -11.5 MHz), sampling rates (70 -110 frames/s), and sector widths were adjusted manually to optimize speckle quality. Three cardiac cycles were recorded for subsequent offline analysis. LV rotation measurements were obtained using speckle tracking software (EchoPAC PC version 8.0, GE Vingmed Ultrasound) at the basal (identified by the mitral valve) and apical (no papillary muscles noted) levels. Transmural layers that included the inner or outer third of the myocardium during end diastole were used to evaluate endocardial and epicardial rotation (18) . Counterclockwise rotation was defined as a positive angle and clockwise rotation as a negative angle when viewed from the apex toward the base. We also evaluated peak LV rotation and peak untwisting rate. Short-axis circumferential and radial strain values were evaluated using the same speckle tracing software at the midventricular level, which was identified as the level according with the maximum papillary muscle circumference (8, 16, 30, 47) . The accuracy of the image tracking software was verified manually.
Baseline end-systolic strain values along the circumferential direction are presented as negative values (segmental shortening), whereas baseline end-systolic radial strain values are presented as positive values (segmental thickening). Strain changes from baseline to stellate ganglion stimulation are reported as percent changes. All echocardio- graphic analyses were performed blinded from hemodynamic measurements and sympathetic stimulation protocol. Experimental protocol. The exposed LSG and RSG were electrically stimulated for 3 min using a bipolar electrode connected to a Grass stimulator (model S9D, Grass Technologies, West Warwick, RI). Stellate stimulation consisted of repeated square-wave pulses (5-ms duration, 5 Hz) delivered at an amplitude of 5-7 V, titrated to the hemodynamic response, as in previous studies (23, 26) . Animals were randomly assigned the order in which they received LSG, RSG, or bilateral stellate ganglion (BSG) stimulation, with a 30-min interval between stimulations to allow return to baseline.
Statistical analysis. Analyses were performed using Sigma Stat (version 3.1). Data are presented as means Ϯ SD. Hemodynamic and echocardiographic measurements were compared in the experimental stages using repeated-measures ANOVA followed by a post hoc Bonferroni correction. Statistical differences were considered significant at P Ͻ 0.05.
Baseline data were also acquired in between stimulation protocols. A preliminary analysis indicated no significant hemodynamic changes between the baseline experiments; hence, only the first baseline experiment was used during the analysis to simplify the reporting of our results.
Inter-and intraobserver variability. Two independent observers processed the echocardiography images for six randomly selected experiments and evaluated apical rotation and septal and lateral circumferential and radial strains. Each observer analyzed the same images twice. Intraobserver variability was determined by having one observer repeat the measures 1 mo after the initial analysis. Interobserver and intraobserver variability were assessed using intraclass correlation coefficients with 95% confidence intervals.
RESULTS

Hemodynamic responses to stellate ganglion stimulation.
An example of the hemodynamic recordings obtained from one animal is shown in Fig. 1 . RSG, LSG, and BSG stimulation caused a rapid increase in arterial pressure, LV pressure, and dP/dt max (Fig. 1) . Positive hemodynamic responses were used to confirm successful stimulation capture of the stellate ganglion, and all animals demonstrated a similar response. Table 1 shows changes in systolic and diastolic hemodynamic parameters. Stimulation of the LSG resulted in significant increases in SV, CO, EF, LVESP, SW, and dP/dt max and significant decreases in LVESV, LVEDV, dP/dt min , and relative to the pre-LSG stimulation baseline. LSG stimulation did not significantly alter HR, LVEDP, or total peripheral resistance. RSG stimulation significantly increased HR, LVESP, CO, EF, SW, and dP/dt max and decreased total peripheral resistance, LVESV, LVEDV, dP/ dt min , and relative to the pre-RSG stimulation baseline. BSG stimulation also increased HR, LVESP, CO, EF, SW, and dP/dt max and decreased dP/dt min and .
LV epicardial and endocardial twist responses to stellate ganglion stimulation. A representative example of LV rotational responses to LSG, RSG, and BSG stimulation is shown in Fig. 2 . The results shown in Table 2 demonstrate that LSG, RSG, and BSG stimulation significantly increased both LV apical and basal epicardial and endocardial rotation and twist (P Ͻ 0.05) but had no effect on the time to peak rotation normalized by the R-R interval. Endocardial LV twist is greater than epicardial LV twist at baseline, whereas there were no significant differences between epicardial and endocardial LV twist during LSG, RSG, and BSG stimulation. The results shown in Fig. 3 demonstrate that the percent increase in epicardial rotation due to stellate ganglia stimulation was significantly greater than that in endocardial rotation at the apical level. LSG, RSG, and BSG stimulation also increased epicardial and endocardial untwisting rates at both the apical and basal levels with no significant differences between the epicardium and endocardium.
Heterogeneity of changes in LV strain with stellate ganglion stimulation. Changes in LV strain during LSG, RSG, and BSG stimulation are shown in Table 3 and Fig. 4 , A-D. LSG stimulation significantly increased radial strain in LV septal, inferior, posterior, and lateral segments (Fig. 4A ) and significantly increased circumferential strain in LV septal, inferior, and posterior segments (Fig. 4B) . In contrast, RSG stimulation significantly increased radial strain in anterior septal, anterior, and lateral segments (Fig. 4C ) and significantly increased circumferential strain in anteroseptal, anterior, and lateral segments (Fig. 4D) . Interestingly, BSG stimulation uniformly and significantly increased regional radial and circumferential strains in all regions (Fig. 4, E and F) . Interobserver and intraobserver variability. There was good reproducibility and concordance of the various echocardiographic data. Detailed interobserver and intraobserver variability are shown in Table 4 . The intraclass correlation coefficient for intraobserver variability was slightly higher than interobserver variability.
DISCUSSION
The primary finding of the present study is that unilateral stellate ganglion and BSG stimulation significantly increases LV twist but that the underlying regional strain changes that drive the increase in twist are fundamentally different. Interestingly, BSG leads to a more uniform enhancement of wall motion in LV segments compared with LSG and RSG. To our knowledge, this is the first use of STE to demonstrate the regional effects of LSG, RSG, and BSG stimulation on global and regional myocardial function. Our data suggest that both LSG and RSG stimulation lead to a similar global increase in LV twist mechanics, but with distinct regional strain changes, likely representing heterogeneous innervation of the myocardium by the two stellate ganglia.
Prior studies have examined the impact of stellate ganglion stimulation on LV systolic and diastolic function using LV pressure measurements. Furnival et al. (13) demonstrated that the predominant effect of stimulating the left cardiac nerves is inotropic, whereas that of the right cardiac sympathetic nerve is chronotropic. In addition, Burwash and others (9, 17, 50) have demonstrated the generalized inotropic and chronotropic response to sympathetic stimulation with enhanced systolic and diastolic function.
However, our results indicate that both LSG and RSG stimulation have inotropic effects as evidenced by pressurevolume measurements (Table 1) . Additionally, we systematically compared the LV rotational mechanics during LSG and RSG stimulation using STE and found that both RSG and LSG stimulation increase epicardial and endocardial LV peak rotation, twist, and untwisting rate. The LV myocardium consists of obliquely oriented muscle fibers that vary from Ϫ45°or more on the epicardium to ϳ0°in the midwall and to ϩ45°or more on the endocardium (12, 43) . Despite the opposing fiber direction, LV twist arises from mainly from shortening of the most superficial epicardial fibers owing to their larger radius compared with fibers of the endocardium (15, 20, 43) . Stimulation of the sympathetic ganglia causes the release of norepinephrine from nerve endings in the myocardium (46, 53) . The increase in LV rotation with sympathetic stimulation may also be explained by considering the predominance of sympathetic nerve endings in the subepicardial region (10, 11, 21) , which favors increased epicardial myocytes.
However, in the present study, we did not see a synergistic effect of BSG on LV twist. We postulate that unilateral stimulation of either the LSG or RSG may increase the LV twist to a maximal extent possible, which is why BSG does not demonstrate a greater effect than unilateral stimulation. Increases in twist and decreases in LVESV are closely linked. Note that LVESV is not further decreased with BSG (compared with LSG or RSG), which further supports the idea that a physiologic maximum has been reached. One of the novel study findings was that LSG, RSG, and BSG stimulation enhanced LV diastolic function, as evidenced by increased dP/dt min and shortened . In particular, note that dP/dt min was the highest and was the lowest with BSG stimulation, suggesting that diastolic function is more enhanced with BSG stimulation. In accordance with these hemodynamic indications of improved diastolic function, we also found that stellate ganglion stimulation increased the LV untwisting rate. Diastolic dysfunction is known to occur before systolic impairment; hence, therapeutic improvements in diastolic function may play an important role in limiting the progression of LV dysfunction. To our knowledge, this is the first study that demonstrates the effects of stellate ganglion stimulation on LV twist and untwist. This may lead to the clinical assessment of LV rotational STE parameters in the future for the assessment of systolic and diastolic dysfunction and the response to therapy.
Most importantly, although both LSG and RSG stimulation lead to a global increase of LV twist, there is a distinct difference in their regional impact on the heart. Previous studies have demonstrated that sympathetic innervation of the ventricular myocardium is heterogeneous by examining regional monophasic action potential duration. These authors (25, 49) found that there is a greater amount of sympathetic nerves in basal regions of the heart compared with apical regions. Norris et al. (29) examined the regional variations in the contractile response of the myocardium and found that nerve fibers arising from the left sympathetic chain innervate the posterior surface of the ventricles and that fibers arising from the right sympathetic chain innervate the anterior ventricular surface. Recently, we (33) demonstrated that LSG stimulation deflects the net vector of repolarization (T-wave vector) posteriorly and inferiorly, whereas RSG stimulation deflects the vector anteriorly and superiorly in porcine hearts. This agrees well with the findings of Yanowitz et al. (51) , which demonstrated regional differences in ECGs with unilateral sympathetic stimulation. The data presented in this study along with electrophysiological observations from other groups confirm the functional consequences of heterogeneous sympathetic innervation. Of note, BSG stimulation leads to a uniform increase in strain in all of the LV segments, suggesting that the LSG and RSG can coordinate together to regulate cardiac function.
Clinical implications. Enhanced sympathetic nerve activity is implicated in ventricular arrhythmogenesis (31, 45, 55 Therefore, modulation of cardiac sympathetic innervation by thoracic epidural anesthesia or removal of LSG, RSG, or both stellate ganglia has been advocated to treat ventricular arrhythmias in patients (1, 5) . In conscious dogs with prior anterior myocardial infarction, left stellectomy seemed to protect against ventricular fibrillation during acute myocardial ischemia (40) . In an anesthetized dog model without prior myocardial infarction, either left or right stellectomy protected against death by ventricular fibrillation after coronary occlusion (32) . Unilateral increases and decreases of sympathetic tone to the heart can induce an asynchronous wall motion pattern affecting cardiac function (38, 39) . However, the functional effects of the neural projections of LSG and RSG have not been established. The present study used noninvasive STE imaging to provide greater insights into alteration in global and regional LV function as well as regional cardiac innervation during LSG and RSG stimulation. This may help guide identification of targeted therapies, such as left or right stellectomy, for reducing arrhythmias in patients with ventricular tachycardia storm. Furthermore, targeted stimulation of cardiac sympathetic nerves has recently been suggested as a potential therapeutic approach for improving myocardial contractility in acute heart failure (4, 22, 28) . Comprehensive understanding of the functional effects of cardiac sympathetic innervation is essential for such neuromodulation techniques to become successful as innovative therapies for acute heart failure.
There are limitations to the present study. The stellate ganglion was not proximally denervated. Although a central nervous system effect may be present, the primary goal of this study was to assess global and regional effects of LSG and RSG in an intact neural network. The effects of SG stimulation on LV rotational mechanics and regional myocardial strain are not known in pathological conditions such as chronic myocardial ischemia and heart failure accompanied by neural remodeling. The present study was limited to addressing the effects of LSG, RSG, and BSG stimulation on LV global and regional function. Future studies should evaluate RV function during RSG, LSG, or BSG stimulation and also evaluate the cardiac functional consequences of stellate ganglion block, which has been used clinically to treat arrhythmias (5).
In conclusion, we characterized the effects of stellate ganglia stimulation on LV global and regional function. Both LSG and RSG stimulation enhance LV systolic and diastolic function and cardiac twist mechanics; however, LSG and RSG stimulation differentially alter regional strain patterns, suggesting distinct territorial innervation of the LV myocardium. These findings provide a better understanding of regional myocardial innervation from the LSG and RSG and may have significant therapeutic applications.
